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Spray dried plasma protein (PP) has been shown to improve growth and intestinal 
function in young calves when included in milk replacers (MR) fed at conventional rates. Use of 
a PP and wheat blend to replace a portion of whey protein has been shown to perform similarly 
to an all whey protein control MR. However, there are growing trends in the dairy industry to 
feed calves for accelerated growth in the pre-weaning period. The purpose of this study was to 
examine effects of increasing amounts of PP inclusion in MR on growth and health of calves fed 
at a high plane of nutrition. Young (<7 d) Holstein calves were assigned to one of five 
treatments: an all milk protein (whey) control MR (0PP, n=26), MR containing 5% PP (5PP, 
n=20), 7.5% PP (7.5PP, n= 14), 10% PP (10PP, n= 20), or 12% of an approximate 1:1 PP/wheat 
blend (PW, n= 17). All diets were formulated to contain 26% CP and 16% fat and were fed at a 
maximum rate of 1 kg DM MR from d 8 to 36 before a weekly reduction of 25% from d 37 to 
57. Calves continued on experiment from d 58 to 63. Intestinal permeability was assessed via 
lactulose and D-mannitol test on d 4, 15, 36, and 57. There was a tendency for a positive linear 
relationship between increasing PP and body weight average daily gain (BWADG) while PP had 
mixed effects on other frame growth parameters. Increasing PP tended to increase fecal scores 
and increased the amount of fluid therapy given. Increasing PP led to a linear decrease in MR 
consumed, but this difference was small. Increasing PP led to an increase in serum total 
cholesterol and tended to have a quadratic effect on serum glucose concentration on d 36. 
Increasing PP led to an increase in serum urea N concentration on d 36. Increasing PP increased 
the cost per calf, but tended to decrease the cost for medication and cost per kg of gain was 
unaffected by treatment. Calves fed PW tended to have increased withers height, increased 
intestinal permeability on d 36, and an increased likelihood to be medicated or medicated for 
respiratory illness but growth and health were not different from the control diet otherwise. 
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Feeding PW led to an increase in serum total cholesterol and tended to lead to increased serum 
glucose concentration on d 36. Results of this study indicate that PP can be included at up to 
10% in the MR of calves fed at a high plane of nutrition with improvements in BWADG and 
certain frame growth parameters. Additionally, a 1:1 plasma wheat blend can be utilized at 12% 
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CHAPTER 1. INTRODUCTION 
The generation of replacement dairy heifers represents a significant cost for producers. 
The cost is estimated to be over $2,100 to take a calf from birth to freshening. Taken together, 
these facts highlight the importance of reducing morbidity and mortality while maximizing 
growth performance in the replacement heifer herd. This is especially true during the early stages 
of the calf’s life, where morbidity and mortality incidence is highest. Milk replacer (MR) is 
frequently used in order to offer consistent and economic nutrition to neonatal calves. 
Historically, milk replacers have utilized milk based proteins, especially whey, in their formulas. 
However, in order to reduce cost or improve performance, numerous different protein sources 
have been evaluated. Of these, spray dried plasma protein (PP) has shown some of the most 
promise. In the swine industry, PP is commonly used in diets for young pigs due to its ability to 
improve health and growth. It has also been shown to be effective when fed to other species. In 
calves, partial replacement of whey proteins with PP has yielded similar or improved growth as 
well as improved health. These benefits are maximized when the amino acids Lysine, 
Methionine, Threonine, and Isoleucine are balanced relative to milk. Combining PP with 
hydrolyzed wheat protein offers a way to substitute some of the milk proteins in a more 
economical way while still achieving similar growth to a milk based MR.  
It is a growing trend in the dairy industry to feed MR at higher rates than the traditional 
rate of 8-10% of BW. Feeding at a higher plane of nutrition improves ADG in the pre-weaning 
phase and has the potential to improve health and future milk production. The objective of the 
work in this thesis was to evaluate if the inclusion of PP or a plasma wheat blend in MR fed to 
calves at a high plane of nutrition yields the same benefits that have been observed when feeding 
at a more conventional amount. This was assessed by examining health, growth, and intestinal 
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CHAPTER 2. LITERATURE REVIEW 
Calf Feeding Practices in the United States 
In the U.S, the raising of replacement heifers represents a significant time and financial 
investment to producers. For this reason, it is paramount to ensure proper growth and 
development of these animals. A recent analysis of 104 dairy operations in 13 states observed a 
morbidity percentage of 33.8% among the calves observed (Urie et al., 2018).  This rate was 
down from previous years, but still below the target of 25% morbidity set by the Dairy Calf and 
Heifer Association (Urie et al., 2018). The mortality rate for the calves in the study was 
determined to be 5%, also down from previous years (Urie et al., 2018). Of the morbidity cases, 
almost three quarters of the reported cases were a result of either digestive or respiratory diseases 
or a combination of the two (Urie et al., 2018).  Similarly, digestive diseases made up close to a 
third of the reported mortality cases while respiratory diseases accounted for 14.1% and a 
combination of respiratory and digestive diseases were responsible for 7% (Urie et al., 2018).  
With these data in mind, successfully managing both respiratory and intestinal health in young 
calves should be a top priority of producers. 
 A common practice in the dairy industry is the use of MR to feed young calves. Close to 
half of all producers utilize MR in some way and 53% of the heifers in the U.S.  are fed some 
form of MR (USDA, 2016). While feeding MR has been commonplace for some time, both the 
makeup of the MR and feeding strategy have changed in recent years. It is now more common to 
feed a larger volume of MR as well as a higher concentration of protein with either a lower or 
similar amount of fat. In a recent survey, close to 40% of producers fed milk replacers containing 
from 21 to 29% protein while 43% fed 5.68 L or more of milk or MR per day (USDA, 2016). 
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Almost 66% of producers varied the amount of milk or MR fed depending on the age or size of 
the calf (USDA, 2016). 
 Traditionally, all milk proteins have been used in MR as these are the most easily 
digested by the calf (Drackley, 2008). However, due to an increased demand in the human 
market for these protein sources, alternative protein sources have been explored. One common 
source has been soy proteins due to their availability and favorable amino acid profile (Drackley, 
2008). Due to several anti-nutritional factors, soy flour must first be processed to yield either soy 
protein concentrate or soy protein isolate. Despite these modifications, growth performance may 
still be impaired compared to an all milk protein MR (Drackley, 2008). Two other potential 
protein sources, plasma protein (PP) and wheat based proteins, will be discussed later in this 
review. Other protein sources include egg, which despite having a favorable amino acid profile, 
has not yielded favorable results when it has been studied (Drackley, 2008). Another alternative, 
fish protein preparations, has yielded positive results, but poses different challenges including 
limited availability and unfavorable characteristics, such as unappealing odor (Drackley, 2008).  
Dietary Requirements of Preruminant Calves 
Energy  
 When discussing diets for young calves, it is important to first understand their dietary 
requirements. Calves have a requirement for energy, which can be further broken into two 
categories: energy for maintenance and energy for growth (NRC, 2001). The NRC (2001) lists 
the net energy for maintenance of a 45-kg calf fed both starter and MR as 1.49 Mcal/d. The net 
energy for growth varies depending on the growth rate that the producer is hoping to achieve. 
Current Dairy Calf and Heifer Association guidelines recommend 0.73 kg/d growth from birth to 
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weaning for calves with an initial body weight of 41 kg (DCHA, 2016). As the desired growth 
rate goes up, naturally so does the energy requirement. Several factors can impact the 
maintenance energy requirement. One of the major factors of influence is if the calf is outside of 
its thermoneutral environment (NRC, 2001), which will be discussed later in this review.   
Protein 
Another requirement calves have is for amino acids. Protein serves as a source of 
indispensable amino acids for the calf (Drackley, 2008). Like energy, the protein requirement 
can be split into maintenance and growth (NRC, 2001). However, this value is not believed to 
change significantly outside of the thermoneutral zone (Drackley, 2008). Once the maintenance 
requirement for protein is met, the excess protein can be used for growth as long as there is 
enough energy available to support protein deposition (Drackley, 2008). If energy is not 
available, the excess protein will be degraded and the nitrogen excreted in the urine (Drackley, 
2008).  
Water 
An additional nutritional requirement of calves is for water. Water serves many vital roles 
in the body including thermoregulation and osmoregulation, as well as serving as a solvent for 
nutrients including sodium, chloride, and potassium (NRC, 2001). Having access to clean water 
is important for calf growth, development, and starter intake (NRC, 2001).  
Vitamins and minerals  
It is also important to ensure proper vitamin and mineral consumption in calf diets. These 
nutrients are responsible for a myriad of functions including growth, metabolism, and immune 
function (NRC, 2001). While the exact mineral requirements for calves are not as thoroughly 
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understood as they are for growing pigs and chicks, it is usually assumed that whole milk is 
adequate in these nutrients with the exception of iron and possibly manganese and selenium 
(Drackley, 2008). When discussing minerals it is also important to consider whether the source 
of the mineral is organic or inorganic. Osorio et al. (2012) demonstrated that calves fed at a 
higher plane of nutrition could improve nutrient retention, as indicated by increased BW and 
stature, through the use of organic trace minerals.  
The first major dietary consideration in order to have a healthy calf is colostrum intake. 
Colostrum contains many important nutrients for the calf including both fat and protein (Shivley 
et al., 2018). Colostrum also contains immunoglobulins, which are responsible for passive 
immunity in the calf (Shivley et al., 2018). However, it is vital that this colostrum is given as 
soon after birth as possible since calves lose the ability to absorb large molecules, which includes 
immunoglobulins, within 12 to 24 hours after birth (Shivley et al., 2018). The colostrum fed 
should also be of good quality with an IgG concentration over 50 g/L.  Additionally, care should 
be taken to avoid contamination of the colostrum with bacteria as this can impair absorption. 
Finally, an adequate amount of colostrum should be fed, with at least 10% of the body weight 
being recommended for the first feeding (Shivley et al., 2018). Serum IgG concentration is used 
to evaluate colostrum management with calves < 10 g/L considered to have failure of passive 
transfer (Shivley et al., 2018) .  
Development of the Digestive System  
When calves are born, they have a digestive system functionally similar to that of a non-
ruminant (NRC, 2001). Initially, calves lack several important enzymatic activities and digestive 
secretions. For this reason, it is important they are fed a diet composed of highly digestible 
carbohydrates, fats, and proteins (NRC, 2001).  This initial phase in the calf’s life is known as 
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the liquid feeding phase. This is due to the fact that the calf derives almost all of its nutrients 
from either milk or MR (NRC, 2001). These liquids are shunted directly into the abomasum of 
the calf via closure of the esophageal groove (Drackley, 2008).  Even though the rumen is not 
fully functioning at this time, microbial colonization can begin within hours of life, with major 
functional groups of microbes being present within the first week after birth (Khan et al., 2015).  
As the calf ages, it will move into the transition phase. During the transition phase, the 
calf will rely on both solid and liquid feeds to meet its nutritional needs (NRC, 2001). During 
this phase, the rumen changes both physically and in metabolic function (Baldwin et al., 2004). 
The physical size and musculature of the rumen will change based on the bulk present (Drackley, 
2008). Papillae development is dependent upon the presence of short chain fatty acids, especially 
butyrate and propionate (Baldwin et al., 2004). As the papillae become developed, they are able 
to absorb VFA from the rumen, which eventually helps to stabilize and raise rumen pH, allowing 
for the growth of cellulolytic bacteria (Drackley, 2008). In addition to changes occurring in the 
rumen, this period is also marked by a shift in liver function from glycolytic to glucogenic, 
which reflects a change in available substrates (Baldwin et al., 2004).  Following the transition 
phase, the animal enters the ruminant phase. During this phase, the animal meets its nutritional 
needs entirely through solid feeds. A majority of the nutrients are derived via microbial 
fermentation in the reticulo-rumen (NRC, 2001). This phase will last the rest of the animal’s life 
(Drackley, 2008). 
Plasma Protein as an Alternative Protein Source  
One promising source for protein replacement in MR is animal based spray-dried plasma 
protein (PP). In contrast to traditional blood proteins, PP is processed differently to yield a 
different composition (Quigley and Wolfe, 2003). To obtain PP, blood is first collected from 
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animals deemed fit for slaughter and stored in containers with an anticoagulant. From there, the 
blood is transferred to stainless steel containers, centrifuged, and chilled to between 4 to 5°C. 
The chilled plasma can then be transported to specialized facilities and spray dried, yielding a 
light brown powder (Quigley and Wolfe, 2003).  
Spray-dried plasma is effective in several different animal feeding applications, including 
common use in the pork industry following weaning. The benefits of PP inclusion in the diet are 
well documented. Both Van Dijk et al. (2001) as well as Coffey and Cromwell (1995) concluded 
in their reviews on the subject that PP fed for the first 2 wk after weaning had a beneficial effect 
on feed conversion, feed intake, and daily gain for a majority of the studies summarized. 
Similarly, Torrallardona (2010) concluded in his review that PP reduced incidence of diarrhea, 
prevented microbial adhesion to the intestinal cell wall, and reduced pro-inflammatory signaling 
in the immune system, making it a good alternative to in-feed antimicrobials for weanling pigs.  
In addition to extensive use in the pork industry, studies have also highlighted that, 
especially under high stress or challenging conditions, feeding spray dried serum (similar to 
spray dried plasma, but with the fibrin removed) can be beneficial to broilers and turkeys 
(Campbell et al., 2003, 2004). Additionally, PP has been shown to improve growth and gain: 
feed in gilthead sea bream fingerlings along with improving apparent digestibility when added to 
dog and cat food (Quigley et al., 2004;  Gisbert et al., 2015; Rodríguez et al., 2016). 
Given the success and benefits it has yielded in other species, it stands to reason that PP 
would be a good substitute protein source for calf MR. Plasma proteins (PP) are considered to be 
well digested by calves and to have a decent amino acid profile, with a few exceptions 
(Drackley, 2008). Morrill et al. (1995) was among the first to look at PP in calf MR. Three diets 
were compared: an all milk protein MR, a MR containing 25% of its protein as porcine PP, and a 
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MR containing 25% from bovine PP. By the end of the trial calves on the PP diets had both 
greater BW and starter intake. A similar study by Quigley and Bernard (1996) observed similar 
growth between control and diets containing PP, as did Quigley and Wolfe (2003) along with 
reduced incidence of morbidity and mortality.   
To determine the upper limits of PP inclusion, Vasquez et al. (2016) conducted an 
experiment where they substituted either 0, 33, 66, or 100% of the replaceable whey protein in 
the MR with bovine PP, with or without Isoleucine (Ile) supplementation. The calves fed at 33% 
PP had similar performance to the control group. As the percentage of PP in the diets increased 
beyond that, the intake and growth performance of the calves decreased. This decrease in 
performance was curbed, but not completely overcome by Ile supplementation. Despite 
decreasing growth performance, health surprisingly was not compromised by increasing PP and 
in some instances was better at a higher PP inclusion. The authors also suggested that decreases 
in essential AA relative to Lys at higher PP inclusion could explain some of the decreases in 
performance that were observed.  
Morrison et al. (2017) further explored amino acid balance in formulas containing PP. 
The researchers formulated diets that contained either 0, 5, or 10% PP (0, 18, and 36% of dietary 
CP, respectively) with or without Ile and Threonine (Thr) added. As with Vasquez et al. (2016), 
as PP increased without supplementation, BWADG and gain: feed were negatively affected. 
However, when the AA profile was adjusted to be similar to that of the all milk protein control, 
the PP formulation performed on an equal basis to the control.  The calves fed the 10% PP diet, 
either with or without amino acid supplementation, had reduced chances of getting scours and 
fewer total scouring days within the first 3 wk of the study. The authors also reported that calves 
fed the supplemented and unsupplemented 5% PP diet as well as calves fed the 10% 
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supplemented PP diet had fewer days medicated throughout the course of the study. The authors 
concluded that PP, when included at up to 36% of the dietary CP, could yield similar growth and 
improved health to calves compared to an all milk protein formula. However, to maximize these 
effects, the formula should be balanced for the AA Ile, Thr, Methionine (Met), and Lys.  
Addition of PP or spray-dried serum to the diet appears to have the biggest impact when 
animals are under some form of stress, including increased exposure to pathogens. This has been 
demonstrated in pigs, chickens, and turkeys (Coffey and Cromwell, 1995; Campbell et al., 2003, 
2004), and also in calves fed a bovine serum concentrate and challenged with cryptosporidium. 
The treated calves had reduced diarrheal output and oocyte shedding as well as improved 
intestinal permeability at the height of the challenge (Hunt et al., 2002). Arthington et al. (2002) 
also reported an increase in feed intake and a tendency for better respiration scores in calves 
facing a coronavirus challenge when they were given a bovine serum protein.  
Several factors have been proposed to explain the beneficial effects of PP. Much of this 
benefit comes from how PP is obtained. The process allows biologically active molecules, 
including IgG and albumin, to remain functional (Quigley and Wolfe, 2003). This is beneficial 
since transfer of IgG to the intestine from the blood stream has been suggested to play a role in 
intestinal immunity (Besser et al., 1988). The IgG fraction also has been implicated as the 
component responsible for increased intake and performance in weaned piglets (Pierce et al., 
2005). Another component found in PP, glycoprotein glycans, reduce adhesion of certain 
bacterial species to the intestinal epithelium (Sanchez et al., 1993; Nollet et al., 1999). In their 
review, Moretó and Pérez-Bosque (2009) suggested that PP was able to adjust the cytokine 
profile, leading to a reduction of inflammation, which improved gut function and permeability. 
The authors also highlighted the fact that PP outperformed the PP fraction, which was 50% IgG 
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with much of the fibrin and albumin removed. This observation indicated that several 
components of the PP were responsible for its beneficial effects.   
Wheat Gluten as a Milk Protein Substitute  
Another possible protein source for use in milk replacers is wheat gluten. Wheat gluten is 
obtained through the processing of either wheat or wheat flour  (Terui et al., 1996). To improve 
solubility, the gluten is hydrolyzed via an enzymatic or a mild acid reaction to yield modified 
wheat gluten (Drackley, 2008).  To date, wheat gluten in MR has yielded mixed results when 
compared to a milk-based protein. Terui et al. (1996) compared milk replacers at either 18 or 
20% CP with between 30 and 50% of the CP replaced by wheat gluten to all milk controls at the 
same CP content. The authors observed no differences in growth performance between groups. 
Raeth et al. ( 2016) conducted a similar experiment with Lys, Met, Thr, and tryptophan (Trp) all 
balanced between treatments. The researchers found that compared to the whey protein control, 
calves on wheat gluten diets had reduced performance and intake. Hill et al. (2008) observed 
reduced intake and growth performance when feeding increasing levels of hydrolyzed wheat 
protein. When feeding calves at a higher level of protein inclusion with a lower substitution of 
wheat gluten (approximately 13% of the total CP)  as well as balancing for Lys and Met, Castro 
et al. (2016) observed similar growth performance between the skim milk and whey protein 
concentrate control and the wheat gluten diet.  
Raeth et al. (2016) substituted 50% of the milk replacer CP with a 1:1 mixture of PP and 
wheat protein. The milk replacer formulas were balanced for Met, Lys, Thr, and Trp. The ADG, 
feed intake, and health were all similar to the all milk protein control. The authors concluded that 
by including a mixture of PP and wheat gluten, the negative effects seen when using just wheat 
gluten could be eliminated.  
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Effects of Feeding Calves at a High Plane of Nutrition  
The United States dairy industry has seen increasing use of feeding programs targeting 
both greater milk replacer intake as well as a higher amount of protein in the milk replacer. The 
most obvious benefit of such a system would be the increased rate of gain during the pre-
weaning period (Bartlett et al., 2006; Hill et al., 2010). However, there are also several other 
benefits that can be realized using this system.  One possible benefit observed by Khan et al. 
(2007a) is that when calves were fed at a high plane of nutrition and weaned gradually using a 
“step down” system that allowed for an adequate increase in starter intake, those calves had 
improved rumen function and development compared to calves fed conventionally with a shorter 
weaning time.  Another study found similar results, finding calves fed at an increased rate were 
able to achieve and maintain an advantage in body weight through 90 d of age without negative 
impacts on rumen development (Silper et al., 2013). It has also been suggested that an increased 
plane of nutrition can improve overall animal welfare (Khan et al., 2011). 
 The most interesting benefits for producers, perhaps, is the chance to have a lasting 
impact on the performance of the calf. Brown et al. (2005) found that when feeding for a high 
rate of gain between 2 and 8 wk of age, mammary parenchymal tissue relative to body weight as 
well as parenchymal DNA and RNA amount were increased. Similarly, Geiger et al. (2016) 
found calves on an enhanced diet had increased total mammary, parenchymal, and mammary fat 
pad tissue when adjusted for body weight. Additionally, the authors concluded the enhanced-fed 
calves were more responsive to mammogenic stimuli, in this case, an estrogen implant. Soberon 
and Van Amburgh (2017) also observed that calves on an enhanced nutrition program had both 
larger mammary glands as well as increased parenchymal masses. The expected benefit of an 
increase in these tissues is an increase in milk production, which has been observed. Drackley et 
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al. (2007) observed an increase in first lactation milk production for calves fed intensive diets. 
Soberon et al. (2012) had similar results, observing that every 1 kg increase in pre-weaning ADG 
was associated with 1,113 kg more milk in first lactation. However, three other studies (Raeth-
Knight et al., 2009; Terré et al., 2009; Kiezebrink et al., 2014) did not find a statistical difference 
in first lactation production for calves on different feeding programs. It should be noted, 
however, that Terre et al. (2009) had numerical differences in production and stated that with 
more animals they may have achieved significance. In addition, Raeth-Knight et al. (2009) 
reported numerical increases in production and that calves fed an intensive nutrition program 
through 112 d calved almost a month earlier than their conventional counterparts. Another study 
found that rearing costs did not differ between intensive and conventional feeding methods but 
the intensively fed calves were able to calve 14 d sooner (Davis Rincker et al., 2011). While 
Gelsinger et al. (2016) had similar results as Soberon et al. (2012) in their meta-analysis, they 
also observed that pre-weaning growth rate accounted for less than 3% of the variation observed, 
suggesting that other factors, especially management, play a greater role in future milk 
production. 
One concept that has been raised by Van Eetvelde and Opsomer (2017) is that a 
mismatch in nutrition between pre-natal and post-natal growth may impact future health and 
longevity. The authors suggest that high milk production and continued growth on the part of the 
dam create sub-optimal uterine conditions for the offspring. As a result of this, calves may be 
born at a lower birth weight as well as with increased insulin sensitivity in an attempt to adapt to 
the expected environment, as per the “thrifty genotype” theory. Because of this, compensatory 
growth has been observed when calves are allowed to feed at high levels. However, research in 
mice and humans has shown that this “catch-up” growth in early life has been associated with 
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increased risk of metabolic diseases, shorter lifespans, and reproductive issues. Based on these 
assertions, a more in depth look at total lifetime performance of calves fed at a high plane of 
nutrition is warranted in future studies.   
In terms of overall health, researchers have arrived at different conclusions comparing 
conventional and more intensive feeding systems. Borderas et al. (2009) found no difference in 
overall health when comparing calves fed two different amounts from a robotic feeder. Bartlett et 
al. (2006) compared calves fed four different dietary protein contents at two different feeding 
rates and found no difference in average fecal scores, but did find calves fed the higher amount 
of MR had more days with high fecal scores. The authors stated, however, that when the fecal 
scores were high, they did not show other signs of illness, including temperature and demeanor, 
indicating that the cause of the elevated fecal scores was likely not of an infectious origin.  In a 
similar experiment comparing four different groups at different feeding and protein levels Hill et 
al. (2010) observed that the highest protein and feeding rate group had both the highest average 
fecal score as well as the most abnormal fecal days. Sharon et al. (2020) observed high risk 
calves had increased scouring and a tendency for increased bloat when fed at a high plane of 
nutrition.  Conversely, Khan et al. (2007b) observed less instances of diarrhea at certain time 
points in calves fed at a higher rate compared to the conventionally fed calves. Calves challenged 
with Cryptosporidium parvum recovered faster and had improved feed efficiency when fed at a 
higher plane of nutrition (Ollivett et al., 2012).  
Much like with overall health, when examining specific immune parameters, researchers 
have arrived at different conclusions regarding the effects of a high plane of nutrition.  Calves 
fed varying planes of nutrition have had similar immune responses to vaccination (Foote et al., 
2007; Hengst et al., 2012). Additionally, calves fed a higher plane of nutrition had decreased 
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viability of T cell populations (Foote et al., 2007). In terms of neutrophil function, calves fed a 
lower plane of nutrition have shown increased neutrophil responses during the pre-weaning 
period compared to calves on a high plane of nutrition (Obeidat et al., 2013; Ballou et al., 2015). 
However, Hengst et al. ( 2012) observed evidence of greater neutrophil activation post weaning. 
Ballou et al. (2015) also observed improved oxidative burst and whole blood killing responses in 
post weaned Jersey calves fed a high plane of nutrition.  
One concern that has been raised when feeding an increased plane of nutrition through 
milk replacer is the potential for decreased DMI around weaning (Quigley et al., 2006; Terré et 
al., 2007). In some cases this can also lead to a decrease in growth performance around weaning 
(Terré et al., 2006; Bach et al., 2013). However, strategies have been developed to mitigate these 
effects. One of the main strategies is the use of a step down method, where calves are gradually 
weaned to allow for time to adjust and increase starter intake.  Sweeney et al. (2010) 
demonstrated the effectiveness of this strategy by weaning calves abruptly, or over the course of 
4, 10, or 22 d concluding at 6 wk of age. The authors concluded that extending the weaning 
period was able to help mitigate some of the detrimental effects, with a 10-day weaning period 
achieving the best results in that study. However, no method they tried was able to fully 
overcome the lag in performance experienced around weaning. Khan et al. (2007b) saw 
improved results when comparing calves on an advanced plane of nutrition fed a step-down 
method to animals fed more conventionally and weaned abruptly. It should be noted, however, 
that the study utilized multiple feeding times in the beginning of the trial for the stepdown 
method-fed calves, making this method somewhat challenging in many commercial operations.  
In order to avoid a post weaning slump, it has also been proposed to use a weaning 
system based on solid feed intake. A general guideline is that calves should consume at least 1 kg 
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of calf starter daily before weaning to avoid a growth slump (Drackley, 2008). Utilizing a 
concentrate-dependent method in an automated feeding system has yielded similar growth 
performance to a conventional weaning method with younger weaning ages (Roth et al., 2009). 
Similarly, researchers were able to avoid issues with growth and performance around weaning by 
utilizing one of several concentrate-dependent weaning systems (de Passillé and Rushen, 2012). 
However, without an automated feeder, this feeding system could also lack the practicality 
needed to implement it on most commercial operations.  
Another possible way to curb the post weaning slump would be to wean calves at an 
older age. Eckert et al. (2015) explored this method by weaning calves fed on a high plane of 
nutrition with a 1 wk step-down period feeding at a half rate before weaning at wk 6 or wk 8. 
The researchers observed that weaning at the later time point resulted in both better growth 
performance and increased intake compared to the earlier weaning strategy. In a later study, by 
Meale et al. (2017), researchers examined the microbiome of calves from the previous study and 
observed that calves weaned later experienced a more gradual shift in the  intestinal microbiome, 
possibly explaining the improved performance over their earlier weaned peers.  
Despite strategies that have reduced the immediate post weaning slump, one current 
challenge associated with feeding at higher planes of nutrition is a reduction in performance later 
on during the growing phase. This was the focus of a meta-analysis conducted by Hu et al. 
(2020). The analysis examined 10 published studies in which calves were fed at either a 
moderate level or at a high level of nutrition. The moderately fed calves were fed between 0.64 
to 0.66 kg DM of milk replacer for 35-39 d, followed by a feeding of half allotment for 3 to 7 d. 
The calves fed the high amount were given between 0.92 to 1.07 kg DM of milk replacer for 35 
to 44d with a feeding of half allotment for 5 to 7 d with weaning taking place between 6 to 7 wk 
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of age. In the grower phase, despite similar DMI/ kg of BW, calves in the moderate group had 
higher ADG, gain/DMI, and hip width change. This was attributed to the fact that apparent 
digestibility of DM, organic matter, CP, fat, and NDF were higher for the moderately fed calves 
between wk 11 and 13. By wk 16 however, there was no difference in nutrient digestibility 
between groups. Similarly, van Niekerk et al. (2020) found similar DMI but decreased energy 
efficiency in calves previously fed at a high plane of nutrition when compared to those fed at a 
lower plane during the post weaning phase. Results of these studies underline the importance of 
developing strategies to maintain performance in the post weaning grower phase.  
The Effect of Temperature and Environment on the Calf 
The overall environment the calf is raised in can have an impact on the health, 
performance, and nutritional needs of the calf. A good way to describe the environment of the 
calf is in terms of the thermoneutral zone (TNZ). This zone can be defined as the range of 
temperatures in which the calf does not have to expend energy specifically in order to maintain 
its core body temperature (NRC, 2001). The TNZ can be affected by several parameters 
including the physical characteristics of the calf such as age, size, and hair coat. It can also be 
impacted by external factors such as bedding, housing, and the weather (Roland et al., 2016).  
The NRC (2001) defines the lower end of the TNZ, or lower critical temperature, of the TNZ for 
very young calves as 15 °C. For older calves, or calves at higher levels of intake, the lower 
critical temperature can be moved down to between -5 and -10 degree °C (NRC, 2001).  Below 
this temperature, the calf must use additional energy in order to stay warm, decreasing overall 
efficiency (NRC, 2001). The calf can do this in a number of ways, including shivering, 
increasing metabolic rate, piloerection, and vasoconstriction. The calf can also increase 
movement or seek out shelter or huddle with other animals to try and raise body heat (Roland et 
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al., 2016).   Calves will also increase their feed intake during periods of cold stress to meet the 
increased energy demands (Roland et al., 2016).  
Exposure to cold stress can pose several challenges to calves. A survey by Urie et al. 
(2018) observed that both respiratory and digestive disease cases were highest during winter and 
spring months. Godden et al. (2005) had similar results, finding a higher chance of mortality and 
morbidity when calves were born in winter months compared to the summer months. Gulliksen 
et al. (2009) also observed that winter-born calves had a higher risk of mortality within the first 
week of life compared to summer-born calves as well as within the first 30 d of life compared to 
calves born in the autumn. These results are consistent with Kelley et al. (1982) who found that 
cold stressed calves had increased death loss and decreased mitogenic activity compared to 
calves housed at a thermoneutral temperature.  Conversely, when examining experimentally 
cold-stressed calves compared to their warm-housed counterparts, no differences were observed 
between growth rates, scouring incidence, and immune response variables with only moderate 
differences in respiratory scores observed (Nonnecke et al., 2009). The cold-housed calves did, 
however, consume more starter in the later weeks of the trial. Rawson et al. (1989b) came to 
similar conclusions, finding that calves housed in cold environments did not suffer in 
performance or health compared to their warm-housed counterparts. Nonnecke et al. (2009) and 
Rawson et al. (1989b) both concluded that calves can be very resilient to cold weather providing 
that nutrition and management (respectively) are adequate.  Management techniques that have 
been suggested to improve calves’ responses to cold stress include deep bedding, extra feed 
allowances, and heat lamps (Silva and Bittar, 2019).   
Another management technique that has been proposed to combat cold stress has been 
the use of calf jackets. This has, like other aspects of calf management, yielded mixed results in 
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research.  In group housed calves, the use of calf jackets has shown little improvement on health 
and performance (Earley et al., 2004; Scoley et al., 2019). It should be noted, however, that 
Earley et al. (2004) used calves aged 19 d at the start of the trial and it is possible that at the 
average trial temperature (4 °C) they may have been above their lower critical temperature for at 
least some of the trial (NRC, 2001).  Researchers have found, however, that calf jackets were 
able to increase whole animal insulation in the calf by 52%, with the authors suggesting the use 
might help small or sick animals under cold conditions (Rawson et al., 1989a).  
Function of the Intestinal Epithelium 
One important facet of the GI tract in calves is the intestinal epithelium. This structure is 
responsible for two key functions: absorption of nutrients and serving as a barrier against 
pathogens (Groschwitz and Hogan, 2009). Selective permeability within the epithelium can be 
grouped into two general forms: paracellular, or between cells, and transcellular, or through 
epithelial cells (Groschwitz and Hogan, 2009). Transcellular permeability is mostly controlled 
via selective transporters that facilitate the transport of amino acids, electrolytes, short chain fatty 
acids, and sugars whereas paracellular transport is regulated by intercellular complexes 
(Groschwitz and Hogan, 2009). An increase in paracellular movement relative to transcellular 
movement is associated with decreased barrier function (Travis and Menzies, 1992; Hall, 1999).  
Barrier function may be decreased by several factors, including pathogens and stress  
(Groschwitz and Hogan, 2009; Wijtten et al., 2011). It has also been demonstrated that calves 
with increased intestinal permeability early in life are more prone to episodes of diarrhea (Araujo 
et al., 2015).   
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Methods to Measure Intestinal Permeability  
To evaluate permeability of the intestinal lumen, principles related to paracellular and 
transcellular transport may be used by utilizing probes assumed to be unique to each pathway 
(Hall, 1999; Wijtten et al., 2011). An ideal probe should be soluble in water, nontoxic, 
nondegradable, and should not be metabolized by the body (Bjarnason et al., 1995). This is often 
accomplished through the use of a monosaccharide, such as mannitol, to assess transcellular 
permeability, and a disaccharide, such as lactulose, to assess paracellular passage  (Hall, 1999; 
Wijtten et al., 2011). In addition to other species, the lactulose and mannitol test has been used to 
assess intestinal permeability in calves via urine collection after dosing (Pardal et al., 1995; Klein 
et al., 2007). This test has also been performed by analyzing blood serum drawn 1 hour after 
administering the doses (Araujo et al., 2015; Morrison et al., 2017). Permeability is then assessed 
by calculating the ratio of the recovered lactulose and mannitol (Hall, 1999; Wijtten et al., 2011). 
Increased intestinal permeability does not always correspond with a decrease in performance. 
While Araujo et al. (2015) observed increased permeability correlating to increased diarrhea, the 
BW, ADG, and end BW measurements were unaffected. This was attributed to a short trial time 
(until 21 d of age) as well as reportedly mild cases of diarrhea. An even more dramatic difference 
was observed by Amado et al. ( 2019). In that study, the group with higher permeability scores 
not only had similar growth, intake, and total tract digestibility, but also improved fecal scores. It 
was suggested this could have been a result of interactions between the probes used and the diets 
provided.  
Summary and Thesis Objectives 
The dairy industry is experiencing several changes when it comes to calf rearing. 
Increased feeding rates and alternative protein sources are being utilized in an attempt to 
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optimize calf growth. Both PP and wheat gluten with PP have been demonstrated to either 
achieve the same or surpass health and growth performance observed on all milk protein diets. 
The question this experiment hopes to evaluate then is whether these benefits are still seen when 
feeding at a higher plane of nutrition during a cold stress challenge. This will be done by 
assessing growth and health throughout the 9-wk trial period. Intestinal permeability will also be 
assessed through the use of a lactulose and D-mannitol test.  Our hypothesis was that at 
accelerated feeding amounts, increasing levels of PP inclusion would lead to improved health 
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CHAPTER 3. EVALUATION OF SPRAY-DRIED PLASMA IN MILK REPLACERS 
FED AT A HIGH PLANE OF NUTRITION ON PERFORMANCE, INTESTINAL 
PERMEABILITY, AND MORBIDITY 
 
INTRODUCTION 
Calf rearing represents a significant investment to producers in terms of money and labor 
and reducing morbidity and mortality of replacement heifers, while maximizing growth 
performance, should be a top priority of producers (Zwald et al., 2007). A common practice in 
the dairy industry is the use of milk replacer (MR) to feed neonatal calves, with over half of the 
heifers raised in the U.S. being fed milk replacer in some capacity (USDA, 2016). Traditionally, 
all milk proteins have been used in MR as these are the most easily digested by the calf 
(Drackley, 2008). However, due to an increased demand in the human market for these protein 
sources, alternatives have been explored. One of the most promising alternatives is spray dried 
plasma protein (PP) due to its favorable amino acid profile and high digestibility (Drackley, 
2008). In earlier studies, PP has promoted similar (Quigley and Bernard, 1996; Quigley and 
Wolfe, 2003) or improved (Morrill et al., 1995) growth results compared to an all milk protein 
source. Feeding of bovine serum or bovine serum concentrate has also been associated with 
improved gastrointestinal health, as demonstrated by decreased severity of disease when 
challenged  (Arthington et al., 2002; Hunt et al., 2002). Vasquez et al. (2016) demonstrated that 
up to 33% of CP in a MR may be replaced with PP and still yield similar results as an all milk 
protein. If the amino acid profile is balanced to mimic milk, inclusion of 10% PP (36% of CP) 
not only yields comparable growth, but improved gastrointestinal health Morrison et al., (2017). 
Another alternative protein source that has been considered is a wheat based protein source. 
When mixed in a 1:1 ratio with PP, researchers were able to replace up to 50% of the CP in a 
MR and obtain similar health and growth as calves fed an all milk protein based milk replacer 
(Raeth et al., 2016).  
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In recent years, there has been a trend in the dairy industry to feed increased amounts of 
protein at higher feeding rates than typical 8 to 10% of BW (USDA, 2016). The most obvious 
effect of such a strategy is increased growth during the pre-weaning period (Bartlett et al., 2006; 
Hill et al., 2010). There also is a possibility for increased milk production later in life (Soberon et 
al., 2012; Soberon and Van Amburgh, 2013). While not conclusive, results of research have also 
demonstrated improved health and welfare when feeding MR at higher planes of nutrition (Khan 
et al., 2007b, 2011). 
The increase in the use of accelerated milk replacer feeding programs has raised the 
question on if the beneficial effects of PP are observed in such a program. The purpose of this 
study was to test the hypothesis that at accelerated feeding amounts, increasing levels of PP 
inclusion would lead to improved health and growth parameters. This was done by evaluating 
titrated levels of spray dried plasma protein at 5%, 7.5%, and 10% PP inclusion as well as a 
plasma-wheat blend on performance and health of calves fed at a high plane of nutrition.  
MATERIALS AND METHODS 
Calves, Arrival, and Processing 
All animal procedures were conducted under a protocol approved by the University of 
Illinois Institutional Animal Care and Use Committee (no. 17055). The study was conducted 
between January and April of 2019 and 2020.  A total of 110 Holstein calves less than 1 wk old 
were purchased from a local dairy in east-central Illinois and transported 20 miles to the research 
facilities. To accommodate housing and labor the calves were purchased in two groups, with 50 
calves being purchased between January and February of 2019 and 60 calves being purchased in 
January of 2020 and brought to the facilities in batches of 12 (± 6).  At the farm of origin, blood 
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was sampled from the jugular vein into 10-mL serum separation tubes (Becton Dickinson, 
Rutherford, NJ). The blood was allowed to clot at room temperature and centrifuged at 1,300 × g 
for 15 min. A refractometer was used to determine total protein (TP) concentration. Calves were 
selected based on TP concentration (> 5.5 g/dL) and visual health assessment. At arrival to the 
research facility, all calves were given a 2-mL IM injection of BO-SE (1 mg/ mL selenium, 
Merck Animal Health, Kenilworth, NJ), a 1-mL injection of vitamins A and D (500,000 and 
75,000 IU/ml respectively, Sparhawk Laboratories Inc., Lenexa, KS), and 2 mL of Inforce 
(Pfizer, New York, NY). Within 1 d of arrival at the facility, calves were weighed and initial 
measurements were taken for body length, heart girth, withers height, hip height, and hip width. 
Calves were blocked based on BW and TP concentration. In 2019, in each group of calves, 
treatment was represented equally. In the 2020 group, there were twice as many calves in the 
control group compared to the other treatments in anticipation of a follow-up study after 
weaning. Calf navels were sprayed with a 1% Iodine solution on arrival and as necessary 
thereafter. Body temperatures were recorded twice daily for 3 d after arrival and calves were 
treated according to standard facility protocols.  
Housing  
Calves were housed outside in individual plastic hutches (Calf-tel, Hampel Corp., 
Germantown, WI). Hutches were placed on gravel covered with landscaping cloth and bedded 
with straw. Bedding was checked daily and more was added as necessary. Hutch temperature and 
humidity were recorded by loggers located within the hutch (HOBO U23 Pro v2 
Temperature/Relative Humidity Data Logger, Onset, Bourne, MA). In instances of severe 
weather conditions (-25 °C for extended periods), calves were brought inside and temporarily (3 
d ± 1 d) housed in groups of 3 according to arrival date and treatment group. Calves were briefly 
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housed inside during acute illness at the direction of veterinarians to facilitate treatment, 
typically lasting no more than 2 d. All calves under 3 wk of age were fitted with calf jackets 
when prolonged temperatures below -4 °C were anticipated.  
Experimental Diets 
Calves were assigned randomly within blocks to MR treatments before their first feeding 
at the university facility (d 0). Calves were assigned to 1 of 5 MR treatments containing varying 
levels of either spray dried bovine plasma protein (PP; Nutra Pro B, APC Inc., Ankeny, IA) or a 
combination of PP and modified (enzymatic partial hydrolysis) wheat protein (Tereos Starch and 
Sweeteners, Aalst, Belgium). The treatment groups were as follows: An all milk protein (whey 
proteins) control MR (0PP), a MR with 5% addition of PP (5PP), a MR with 7.5% addition of 
PP (7.5PP), a MR with 10%  addition of PP (10PP), or a MR with a 12% addition of an 
approximate 1:1 PP and hydrolyzed wheat protein blend (PW). Lysine (Lys), Methionine (Met), 
Threonine (Thr), and Isoleucine (Ile) were balanced across treatments as well as all minerals and 
vitamins (Table 1).   All diets were manufactured by Milk Specialties Global Animal Nutrition 
(Eden Prairie, MN).  
Feeding and Management 
Calves were fed twice daily at 0500 and 1630 h. The MR was reconstituted to 15% solids 
for all diets. The MR offered was gradually increased to 1,000 g/d solids (as-fed basis) starting 
with 500 g/d for d 1 to 2, 650 g/d for d 3 to 4, and 750 g/d for d 5 to 8. Calves were fed 1000 g/d 
from d 9 to 36, at which point the weaning process started. Weaning consisted of gradually 
reducing MR fed over the course of 3 wk by offering 750 g/d for d 37 to 43, 500g/d for d44 to 
50, and 250 g/d only during the 0500 feeding for d 51 to 57. From d 57 to d 63, no MR was 
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offered.  Any MR refusals were recorded daily. Refusals that were 70g or less were not included 
in refusal analysis. Calves were offered a texturized calf starter diet (AMPLI-Calf Starter 20, 
Purina Animal Nutrition LLC, Gray Summit, MO) for ad libitum intake starting on d 1 and 
intake was recorded daily. Water was offered ad libitum and intake was recorded daily. 
Health 
Health scores were recorded daily before the evening feeding. Scores were assigned for 
nasal discharge, eyes, ears, and fecal score using a scale of 1 to 4 adapted from the scoring 
system used by Priestley et al. (2013). Fecal scores ranged from 1 for normal to 4 for watery. 
Calves were observed multiple times daily for illness and treated according to facility protocol 
and veterinary direction, with treatments and reason being recorded. Calves with a fecal score of 
3 or greater were considered to be scouring and were given 1.89 L of electrolyte solution (Land 
O’ Lakes Electrolyte System, Land O’ Lakes Inc., Arden Hills, MN) once daily and calves with a 
fecal score of 4 were given 1.89 L of the same solution twice daily until the fecal score returned 
to normal. This practice continued until wk 8, when electrolytes were only offered as deemed 
appropriate. Electrolyte amount and days offered were recorded. Antibiotics were only given for 
scours in cases when deemed necessary by a veterinarian. Calves were castrated by banding and 
dehorned by electric dehorner on d15 (± 10 d) of age by veterinary personnel.  At the time of 
dehorning, calves were vaccinated for enterotoxaemia and tetanus (BarVac CD/T, Boehringer 
Ingelheim, Ingeheim am Rhein, Germany). Medical treatments that occurred before d 4 for 
respiratory disease or navel illness were deemed farm of origin illnesses and were not included in 
the final analysis.  
40 
 
Feed Analysis  
All MR and starter were sampled weekly and samples were stored at -20°C. Composite 
samples were created by pooling four weekly samples into one. The MR samples were analyzed 
by Dairy One (Ithaca, NY) for DM, CP, fat, ME, aNDFom, ash, Ca, P, Mg, K, Na, Fe, Zn, Cu, 
Mn, Mo, and S by standard wet chemistry methods (www.dairyone.com).  Starter composites 
were analyzed using standard wet chemistry methods for DM, CP, lignin, fat, ash, starch, NEm, 
Ca, P, Mg, K, Na, Fe, Zn, Cu, Mn, Mo, S, and Cl (www.dairyone.com). Composited samples of 
MR and starter also were sent to University of Missouri Agricultural Experiment Station 
Laboratory (Columbia, MO) for complete amino acid analysis.  Samples were analyzed per 
AOAC Official Method 982.30 E (a, b,c), chp. 45.3.05, 2006 (AOAC, 2006). The laboratory 
used base-catalyzed hydrolysis per AOAC Official Method 988.15, chp. 45.4.04, 2006 as well as 
enzymatic hydrolysis so that the tryptophan content could be analyzed (AOAC, 2006).   
Intestinal Permeability 
Intestinal permeability was assessed on d 4, 15, and 36 (± 1 d) for all calves and on d 57 
for the calves in 2020 via a lactulose and D-mannitol test. Starter was removed approximately 3 
h (± 1 h) prior to the afternoon MR feeding. Liquid lactulose (Akorn Pharmaceuticals, Lake 
Forest, IL or Pharmaceutical Associates, Inc., Greenville, SC) and D-Mannitol (Sigma Aldrich, 
St. Louis, MO) were added to the mixed milk replacer at a rate of 0.5 g/ kg of BW and 0.1 g/kg 
of BW, respectively (Morrison et al., 2016). For d 56, the lactulose and mannitol were mixed 
with 1 L of warm water before administration. At 60 min (±6 min) after administration, a blood 
sample was collected via jugular venipuncture into a 10-mL evacuated serum separation tube 
(Becton Dickinson). Blood was allowed to clot at room temperature before being centrifuged at 
1,300 × g for 15 min. Serum was divided into aliquots in polypropylene tubes and stored at-20°C 
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until analyzed. Samples were analyzed according to the procedures described by Bao et al. 
(1996). 
Blood Collection and Analysis 
In addition to the collection dates described above, blood samples also were collected on 
d 21. For all blood collection days, one 10-mL serum tube was collected as well as one 10-mL 
K2EDTA coated plasma tube (Becton Dickinson, Rutherford, NJ). Tubes were kept on ice until 
processing with the centrifugation and storage being the same as the serum tubes described 
above. Serum samples from d 36 were analyzed for concentrations of BHB (mmol/ L), creatinine 
(mg/dL), urea N (mg/dL), TP (g/dL), albumin (g/dL), globulin (g/dL), calcium (mg/dL), 
phosphorus (mg/dL), sodium (mmol/ L), potassium (mmol/ L), chloride (mmol/L), glucose 
(mg/dL), alkaline phosphate (U/L), aspartate amino transferase (AST) (U/L), gamma-glutamyl 
transferase (U/L), total bilirubin (mg/dL), creatinine phosphokinase (U/L), cholesterol (mg/dL), 
glutamate dehydrogenase (U/L), bicarbonate (mmol/L), magnesium (mg/dL), triglycerides 
(mg/dL), and anion gap. Serum from d 56 was analyzed for BHB. All serum samples were 
analyzed at the University of Illinois College of Veterinary Medicine diagnostic laboratory 
(Urbana, IL) using automated enzymatic analysis procedures (Olympus AU680, Beckman 
Coulter, Brea, CA). For BHB values that were below the detectable range (<0.10 mmol/L, 
n=18), a value that was half of the lowest detected value was substituted in its place. 
Body Growth Measurement  
Calves were measured upon arrival and once weekly thereafter for BW, hip height, 




The study was conducted as a randomized complete block design. Analysis of variance 
was conducted using the MIXED procedure in SAS v 9.4. (SAS Institute Inc., Cary, NC). Block 
(n =20), batch (n =9), and year (n =2) were defined as random effects in all models. Treatment 
was defined as a fixed effect. Where applicable, time and treatment by time (week or day) were 
analyzed. Calf within block was considered the subject of repeated measurements. For repeated 
BW and frame measurements, the initial measurement was used as a covariate. Least squares 
means were calculated and are presented with the largest standard errors of the mean. Treatment 
comparisons were made using 4 contrasts: (1) PW vs 0PP; (2) the linear effect of increasing PP; 
(3) the quadratic effect of increasing PP; (4) the cubic effect of increasing PP. The control diet 
(0PP) was included in all contrasts examining the increase of PP. The coefficients for the 
contrast statements were generated using the IML procedure in SAS.   
 If a calf died before d 10, its data were not included in the analysis. Calves determined to 
be chronically ill also were removed from analysis. A definition as chronically ill was 
determined by either veterinary diagnosis or if the calf was both in the top 10% for days 
medicated and the bottom 10% for ADG. Calves that failed to reach adequate starter intake (at 
least 0.75 kg/d by wk 9), had a low initial BW (as determined by outlier status), or a diagnosed 
congenital defect were also excluded from the final analysis.   
Four covariance structures were evaluated: unstructured covariance, autoregressive order 
1, heterogeneous autoregressive order 1, and Toeplitz. For repeated measures with uneven 
spacing, compound symmetry, heterogeneous compound symmetry and the unstructured 
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covariance model were tested. The structure that best optimized model fit as determined by the 
Akaike information criterion was chosen.  
The probability of being medicated for any reason, being medicated for respiratory 
illness, or for the occurrence of severe scours (fecal score of 4) was evaluated by logistic 
regression using a binomial distribution in the GLIMMIX procedure in SAS. A medication event 
was defined as administration of either an antibiotic or anti-inflammatory medication. Odds ratio 
(OR) was used to compare 0PP to the treatment diets. To determine the severity of disease for 
any calves that were treated over the course of the trial, an ANOVA table was created using the 
MIXED procedure in SAS assessing the total number of days treated.  
Significance was declared at P< 0.05 and trends were discussed when 0.05 < P < 0.1. 
Data were checked for homogeneity of variance and normality assumptions via residual plots 
and Shapiro-Wilke test using the UNIVARIATE procedure in SAS.  
Cost Analysis 
 A basic cost analysis was performed, analyzing the daily costs and cost per 
kilogram of gain. Intake of MR, starter, and medications given to the calves were included in the 
total cost per calf and weekly ADG was used to calculate cost per gain. Cost per kg for MR was 
calculated at $2.24, $2.30, $ 2.34, $2.37, and $2.24 for 0PP, 5PP, 7.5PP, and PW, respectively. 
Calf starter was calculated at a cost of $0.59/ kg. Costs of medications were determined using the 
listed prices of generic medications (where applicable) derived from a veterinary supply website 






A total of 97 of 110 calves were included in the final analysis. Four calves died or were 
euthanized, 3 from the PW group and 1 from the 7.5PP group. Of the PW calves, 1 was 
diagnosed with a broken jaw and pneumonia, another bloated with a twisted stomach, and the 
third was determined to have died as a result of protein-losing enteropathy. The calf that died 
from the 7.5PP group had an undetermined cause of death, but was found to have an 
underdeveloped urinary system. All calves died before d 10. A total of 6 calves were removed 
due to chronic illness: 2 from 0PP and 4 from 7.5PP. An additional 2 calves from 0PP were 
removed, 1 for inadequate starter intake, and 1 for small initial BW. One calf from 7.5PP was not 
included in the analysis due to a diagnosed heart murmur. In total, 26 calves from 0PP, 20 calves 
from 5PP, 14 calves from 7.5PP, 20 calves from 10PP, and 17 calves from PW were included in 
the final analysis. Of these, 2 calves in 7.5PP and 1 calf from 5PP were free martins.  
Environment 
The mean daily hutch temperature for the entire trial period was 4.3 (± 0.07) °C. The 
mean daily hutch temperature for d 1 to 21 was 1.1 (± 0.09) °C.  Based on starter and MR intakes 
at these temperatures, the energy allowable growth was determined to be 0.88 kg/d and the 
apparent digestible protein allowable gain was determined to be 1.30 kg/d (NRC, 2001).  
Nutrient Composition of Diets   
Milk replacers were formulated to contain 26% CP and 16% fat, which was achieved for 
all diets (Table 2). The CP ranged from 26.3% for 0PP to 27.5% for 10PP.  Diets were 
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formulated to have equal amounts of Lys, Met, Ile, and Thr. The percentage of Lys ranged from 
2.54% for 5PP to 2.38% for PW (Table 3).  
Intakes 
Average daily intakes of DM, CP, and metabolizable energy (ME) for MR and starter 
during wk 1 to 5 and wk 6 to 9 as well as MR refusals for wk 1 to 2 are presented in Table 4.  A 
linear relationship (P < 0.0001) existed for average daily MR consumed and average daily ME 
consumed.  Increasing PP had a quadratic effect (P = 0.02) with average daily MR consumption 
in the first 2 wk.  Increasing PP had no effect (P > 0.10) on average starter intake or overall CP 
or ME intake at any time point.  
Growth 
Mean BW, ADG, body measurements, and feed efficiency (Gain: feed, Gain: Lys) are in 
Table 5. Increasing PP tended to have a linear effect on BWADG (P =0.08) and withers height 
ADG (P = 0.07) and led to increased withers height (P = 0.01). Increasing PP led to a linear 
decrease in hip width (P = 0.02) and body length (P = 0.04). Group PW had increased withers 
height relative to the control (P = 0.01). Hip height was not impacted by increasing PP, but there 
was a treatment by time interaction (P = 0.01) with calves fed 10PP having a greater hip height 
during wk 7 than 0PP and 5PP. There was also a tendency (P = 0.09) for a treatment by time 
interaction for hip width ADG with no clear interaction pattern. Average daily gain for body 
length, heart girth, and hip width were not impacted by increasing PP. Heart girth, initial BW, 
final BW, and mean BW were not impacted by increasing PP. Increasing PP did not affect 
gain:feed (kg/kg) or gain:Lys (kg/kg). Week was significant (P < 0.0001) for all measures for 
which it was included in the model.  
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Intestinal Permeability  
There was a tendency (P = 0.07) for increasing PP to have a cubic effect on lactulose-to-
D-mannitol on d 15 (Table 6). Group PW had increased lactulose-to-D-mannitol for d 36 (P = 
0.01). Day was significant (P < 0.0001) for total serum lactulose-to-D-mannitol. 
Health 
Increasing PP tended (P = 0.07) to increase total days scouring (Table 7). Increasing PP 
led to a linear increase (P = 0.01) in both total days given electrolytes and total amount of 
electrolytes given (P = 0.01), Compared to the 0PP diet, there was no difference in probability 
for being medicated for any reason or for respiratory illness in any of the PP diets (Table 8). 
When looking only at the calves medicated for any reason, a linear decrease (P = 0.006) was 
observed in days medicated with increasing PP and a tendency was observed (P= 0.09) for 
decreased days treated with PW.  The PW diet had increased chance of being medicated for any 
reason (P=0.04) and for respiratory illness specifically (P = 0.002). When looking at the calves 
medicated for respiratory illness, no treatment effect was observed (P > 0.2) for days medicated 
for the PP groups or for PW in comparison to 0PP (P = 0.13).  
Blood Metabolites  
 Increasing PP had a cubic relationship (P = 0.01) with initial TP concentrations (Table 9). 
Serum concentrations of urea N (P = 0.04), AST (P = 0.03), and total cholesterol (P = 0.002) 
increased linearly with increasing PP (Table 9). Increasing PP tended to linearly increase 
creatinine (P = 0.08) and linearly decrease sodium (P = 0.09). Increasing PP had a tendency for a 
quadratic treatment effect on glucose (P= 0.08), phosphorus (P = 0.07), total alkaline 
phosphatase (P = 0.09), total bilirubin (P = 0.09), and d 56 BHB (P = 0.10) and tended to have a 
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cubic effect on anion gap (P = 0.07). The residuals for total bilirubin were not evenly distributed 
and the results should be interpreted with caution. Group PW had increased AST (P = 0.002) and 
total cholesterol (P = 0.05). Group PW also tended to have higher glucose (P = 0.09) and 
triglycerides (P = 0.07) relative to the control.  
Cost Analysis  
Increasing PP led to a linear increase in average daily total cost (P = 0.04) and average 
daily feed cost (P = 0.002) and tended to decrease average daily medical cost (P = 0.06; Table 
10). Increasing PP did not influence (P > 0.1) cost per kilogram of gain. The datasets for both 
average daily medical cost and average cost per kg of gain did not have evenly distributed 
residuals and the results should be viewed with caution.  
DISCUSSION 
The purpose of this study was to assess if the previous benefits observed when feeding 
plasma protein would be observed in calves fed at a high plane of nutrition. Previous studies 
have demonstrated that when AA were balanced, PP could replace up to 33% of dietary CP and 
achieve growth rates similar to an all milk protein control (Vasquez et al., 2016; Morrison et al., 
2017). However, these studies utilized MR formulations with lower overall CP contents and fed 
at a lower plane of nutrition. Wood et al. (2019) fed a MR with protein and fat contents similar to 
the ones used in this study and replaced 15% of skim milk based protein with PP and found no 
differences in growth or medication level, but did find a decrease in severe scours.  
Of the calves that died in this study, all died before 10 d of age. Three of the four had 
initially unknown conditions that either caused or exacerbated their illnesses. Due to the acute 
nature of their deaths and the fact that no death occurred after d 10 of the trial, it is assumed the 
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deaths were not treatment related. Of the calves removed due to chronic illness, many were first 
treated within days of arriving at the facility and required frequent treatments during the trial. 
The early onset and repetitive nature of the illnesses in these calves suggests a farm of origin 
issue that was also likely unrelated to treatments.  
Current Dairy Calf and Heifer Association guidelines recommend 0.73 kg/d growth from 
birth to weaning for calves with an initial body weight of 41 kg (DCHA, 2016). This benchmark 
was achieved by all treatment groups. In the current study, ADG tended to be improved with 
increasing PP. This finding is consistent with Morrill et al. (1995) who observed improved BW 
gains when feeding PP. Conversely Morrison et al. (2017) and Wood et al. (2019) found no 
differences in ADG when feeding diets containing levels of PP similar to the current study. 
Increasing PP had contrasting effects on frame growth parameters, with increasing PP leading to 
an increase in withers height and tending to lead to an increase in withers height ADG, but a 
decrease in body length and hip width (Table 5). However, it should be noted the difference in 
all 3 body measurements were relatively small (< 1.5 cm) and may lack biological importance. 
Due to the low temperatures experienced during this trial, energy allowable growth was 
more limiting than protein allowable growth because of the increased maintenance energy 
requirements (NRC 2001). As a result of this, differences in CP utilization between treatment 
groups may have been difficult to determine. However, the protein and energy concentrations 
used are representative of commercially available MR formulas for calves at an elevated plane of 
nutrition, and therefore, the comparisons are useful. All diets performed close to the NRC 
estimations with some slightly over performing NRC-predicted ADG based on net energy for 
maintenance (Table 2). This might be explained by temperature differences from hutch to hutch 
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or the possibility that the environment immediately surrounding the calf was slightly warmer 
than where the logger was located along the top vent of the hutch.  
We did not observe any difference in starter intake between treatment groups (Table 4). 
This is consistent with Raeth et al. (2016) who found no difference in several different treatments 
containing either PP or PP combined with other protein sources. Morrison et al. (2017) had 
similar findings; however, in that study starter was not offered for the first 5 wk, which may have 
impacted intake. Our observed gain: feed values were higher in the preweaning period than those 
observed by Raeth et al. (2016) and Morrison et al. (2017). For overall gain: feed, the values 
were similar between the two previous trials and the current one. Morrison et al. (2017) had an 
increased gain: feed during wk 6 to 8 and Raeth et al. (2016) had similar values to the current 
trial during the post weaning period.  
The differences in MR intake were somewhat surprising, given that fixed amounts were 
fed (Table 4). Some of the differences observed are likely a result of minor variations in 
chemical analysis and dry matter content. The differences were extremely small and likely the 
result of a small number of refusals. One possible explanation for the observed results could be a 
lack of palatability for PP. This seems unlikely since as PP increased, neither average daily MR 
consumed nor days with refused MR in the first 2 wk had a linear response (Table 4), which 
would have been expected if PP palatability was the reason for refusal. Quigley and Wolfe 
(2003)  found an increase in MR DM when 20% of CP was from spray dried porcine or bovine 
plasma and Wood et al. (2019) found no difference in intake between treatment groups when 
15% of the CP was replaced with spray dried porcine plasma, suggesting no issues with 
palatability in previous studies.  
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The intestinal epithelium serves as a barrier against pathogens (Groschwitz and Hogan, 
2009). Intestinal barrier function can be decreased by several factors, including stress and 
pathogens (Groschwitz and Hogan, 2009; Wijtten et al., 2011). Lactulose and D-mannitol 
administration followed by measurement of those compounds in blood has been used to assess 
intestinal permeability in calves (Araujo et al., 2015; Morrison et al., 2016). The results of the 
current study differ somewhat from those previously observed. Morrison et al. (2016) observed a 
peak in intestinal permeability in wk 2, followed by a decrease when measured again in wk 6. 
Wood et al. (2015) also observed a decrease in intestinal permeability from wk 2 to wk 6 in 
calves that were not going through the weaning process.  In the current study, intestinal 
permeability continued to increase until d 36 before declining on d 57 (Table 6). Conversely, 
Wood et al. (2015) observed increased permeability in calves that were experiencing weaning. 
The differences in results between the two trials may be explained by the more gradual weaning 
process used in the current study. Furthermore, a direct comparison between the first 3 sample 
days and d 57 may be complicated by the difference in delivery medium. Amado et al. (2019) 
speculated that the markers used may have interacted with the fat present in the diet, thus 
increasing their absorption. Overall lactulose-to-D-mannitol values were lower in this study than 
those found by Morrison et al. (2016). This may be a result of reduced stress and improved 
health in the current study as well as reflecting the difference in sampling days. Calves fed PW 
had increased permeability on d 36 (Table 6). This may be indicative of antigenic properties 
within the ingredients (Branco Pardal et al., 1995). However, this seems unlikely given the lack 
of a difference on the other days examined. The tendency for a cubic relationship with increasing 
PP observed on d 15 was driven by lower values for 7.5PP. The exact reasons for this 
observation are hard to interpret biologically. This is further complicated by the fact that a cubic 
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relationship was not observed for other sampling days. The authors are not aware of an 
established range for serum lactulose-to- D-mannitol values for healthy calves due to the limited 
number of studies exploring the subject. However, given the overall growth and health 
performance of the calves in this study, it is possible all values observed were within acceptable 
ranges for intestinal permeability.  
The cubic effect observed for initial TP (Table 9) was driven by the lower initial TP value 
for 7.5PP. While lower, this value was still within acceptable ranges for target immunity levels 
as defined by the DCHA (2016). To determine if lower values had an impact, TP was tested as a 
covariate for significant health and growth parameters and was found to be non-significant (data 
not shown) and was therefore not included in the final models.  
 The increased probability for being medicated in the PW group was driven by the 
increased probability for respiratory treatment, indicating increased occurrence of respiratory 
illness in the PW group (Table 8). However, both the PW and PP treatment groups either had or 
tended to have reduced treatment days among the sick calves. This suggests PP may help 
mitigate the intensity, but not the frequency, of illnesses requiring medical treatment in calves.  
Perhaps the most surprising finding of the current study is the increase in scours 
incidence with increasing PP (Table 7). Plasma protein use has been well established in the 
swine industry and has been proposed as an alternative to in-feed antimicrobials due to its ability 
to reduce diarrhea, prevent microbial adhesion to the cell wall, and reduce pro-inflammatory 
signaling in the immune system (Torrallardona, 2010). This same effect has been observed in 
calves, with several studies reporting improved intestinal health when feeding PP (Quigley and 
Wolfe, 2003; Vasquez et al., 2016; Morrison et al., 2017).  
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One possible reason for our observed increase in scour incidence may be a lack of 
severity of disease in the examined calves. Wood et al. (2019) reported that while there was 
decreased incidence of severe diarrhea (highest fecal score assigned in the study), PP did not 
have an effect on overall incidence of diarrhea. Intake is often used as an indicator of health in 
young calves and neither days refused nor average daily MR consumption in the first 2 wk 
(Table 4) support the linear relationship observed for scouring incidence. Increased intestinal 
permeability from an early age has been associated with increased diarrhea and enteric pathogens 
are known to alter intestinal barrier function (Groschwitz and Hogan, 2009; Araujo et al., 2015). 
However, a linear effect was not observed for any of the lactulose-to- D-mannitol tests (Table 6) 
and no relationships of any kind were established for d 4, 36, or 57. Additionally, none of the PP 
groups had increased chance of severe scours compared to the control (Table 8). Finally, as 
discussed earlier, ADG and withers height both increased linearly as PP increased (Table 5), 
suggesting any enteric illness the PP calves had was not severe enough to impair growth 
performance. Additionally, there was no difference in the probability of being treated for any 
illness or for respiratory illness in the PP groups and those that were treated for any reason had 
fewer total days of medical treatment. These results, taken together, suggest that while fecal 
consistency decreased with increasing PP, the effect was not severe enough to impact intestinal 
permeability, growth performance, or overall health.  
It has been established in several species, including calves, that PP is most effective when 
animals are exposed to stressful environments (Coffey and Cromwell, 1995; Hunt et al., 2002; 
Campbell et al., 2004). In some of the studies reporting improved intestinal health with PP 
addition (Quigley and Wolfe, 2003; Vasquez et al., 2016), calves were comingled from multiple 
sources. It is possible that under the selection methods for this experiment, some stress on the 
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calves was reduced and therefore the beneficial effects of the PP may not have been apparent. 
While the study was conducted during winter in order to induce cold stress, calves can be quite 
resilient to colder temperatures, provided shelter and management are adequate (Rawson et al., 
1989; Nonnecke et al., 2009). This means overall stress may not have been as high as originally 
anticipated.  This is supported by the fact that at similar time points, reduced days with scours 
were observed when compared to Wood et al. (2019) and Vasquez et al. (2016). However, this 
notion is somewhat contradicted by Morrison et al. (2017) who used similar selection techniques 
and experimental conditions to the ones in this experiment and still observed a reduction in 
scours occurrence with the addition of PP.  
Plasma protein contains hundreds of peptides, many of which are thought to remain 
active after spray drying (Moretó and Pérez-Bosque, 2009b). It is possible that some of these 
peptides, when fed at high enough volumes, may lead to increased scour incidence. This might 
explain why previous studies at lower total PP feeding rates had lower incidence of scours. 
However, this possibility seems unlikely given that Vasquez et al. (2016) replaced 100% of 
replaceable CP with PP and still observed reduced incidence of scours compared to a control.  
Increasing PP had several effects on blood metabolites (Table 9). While a linear increase 
was observed, all urea N values were within the range of those obtained at wk 5 by Morittu et al. 
(2019) when feeding 6L of milk daily to Simmental calves. Excess CP has been associated with 
increased urea N values, which may explain why a linear effect was observed for the treatments 
with higher MR CP (Preston et al., 1965). Increased AST can be indicative of soft tissue damage 
(Klinkon and Jeek, 2012). However, the AST values are well within ranges observed in previous 
research, suggesting no pathological issues in any of the treatments (Mohri et al., 2007).  
Researchers have observed increases in urea nitrogen and creatinine concentrations along with 
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decreases in sodium concentrations in calves infected with Salmonella ser Typhimurium (Santos 
et al., 2002). The linear tendencies for these blood metabolites may indicate increased illness in 
PP calves. This is unlikely, however, since Santos et al. (2002) also observed differences in other 
metabolites including calcium and albumin and no changes in AST, in contradiction with the 
current study. Additionally, the values discussed fall within the ranges established for healthy 
calves by Santos et al. (2002). Martin and Lumsden, (1987) observed decreased phosphorus 
concentration as well as an increase in bilirubin concentration in feedlot calves that were later 
treated for respiratory disease. The quadratic tendencies observed for these values could suggest 
possible respiratory issues at the time of sampling in either the 5PP or 7.5PP groups. However, 
this is unlikely since Martin and Lumsden (1987) observed decreases in several other metabolites 
that were not observed in this study as well as decreases in alkaline phosphatase, which was 
increased for 5PP and 7.5PP in the current study. When drawing blood, stasis over 1 minute can 
lead to electrolytes moving into the extravascular space, leading to differences in proteins and 
plasma components (Humann-Ziehank and Ganter, 2012). Some of the differences observed may 
be due to variation in the ease of drawing blood in certain calves. The tendency for the cubic 
relationship for anion gap for increasing PP lacks a clear biological explanation and the exact 
implications remain to be seen.  
The serum glucose values in this study were increased relative to those observed at 
similar time points in previous studies (Daniels et al., 2008; Obeidat et al., 2013). However, the 
previous two trials sampled blood before feeding, making direct comparisons difficult. Elevated 
feeding levels have been associated with insulin resistance in young calves and older veal calves 
(Hostettler-Allen et al., 1994; Bach et al., 2013). In human studies, whey protein has been 
implicated in increased insulin secretion after meals (Nilsson et al., 2004; Frid et al., 2005).  One 
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explanation for the tendency for increased glucose concentrations observed in the PP and PW is 
that enough whey protein was replaced that the insulinogenic effects were reduced. The observed 
tendency for a quadratic effect was due to the elevated glucose concentration for 5PP. The exact 
reason for this is not clearly understood and glucose concentrations should be examined in future 
PP titration studies.  Pihlajamäki et al. (2004) found in humans that insulin resistance was 
associated with increased cholesterol synthesis and lower rates of absorption. Increasing PP led 
to a liner increase in serum cholesterol values and PW had higher concentrations of cholesterol 
than the control, which further supports the assertion that PP or PW calves had increased insulin 
resistance. Further studies are needed to determine if this resistance, if present, has an impact on 
future growth and development   
The observed increase for average daily total cost was heavily impacted by an increased 
cost of MR as PP increased (Table 10), as further shown by an observed linear increase in 
average daily feed costs. However, these prices reflect costs of MR at the time of writing. It has 
been predicted that whey protein will experience increased demand in the human market, which 
will drive up overall demand for whey in future years (Lagrange et al., 2015). This could have an 
impact on the cost of the MR formulas used in this study. Previous studies have shown benefits 
in future production of heifers associated with a reduction in illness or an increase in ADG 
(Heinrichs and Heinrichs, 2011; Soberon et al., 2012; Closs and Dechow, 2017). Due to the 
design and limitations of this study we were unable to estimate or include those factors in our 
cost analysis.  
 Raeth et al. (2016) found that up to 50% of MR CP could be replaced by a 1:1 plasma 
wheat blend with similar growth and health performance to an all milk protein control. While no 
difference in growth was observed, PW calves were more likely to be treated for any illness or 
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respiratory illness than 0PP. However, when treatment was necessary, the PW group tended to 
have fewer days treated as well. The PP amount in the PW group fell between the amounts in 
5PP and 7.5PP. When directly compared to these two groups, PW tended to have increased Lys 
efficiency for wk 1 to 5, but also tended  to have increased d 35 lactulose: D-mannitol (data not 
shown).  With the exception of these factors, we conclude that a 1:1 plasma wheat blend 




Increasing levels of PP fed to calves at a high plane of nutrition increased BWADG and 
other frame growth parameters, but also led to an increase in scouring incidence. Serum glucose 
and total cholesterol values also were increased, but the significance or severity of these findings 
remains to be determined. We conclude that PP can be included at up to 10% in the MR of calves 
fed at a high plane of nutrition with improvements in certain frame growth parameters and that a 
1:1 plasma wheat blend can be utilized at 12% inclusion with similar health and growth to an all 





Table 1. Ingredient and formulated chemical composition of milk replacers containing various levels of 
plasma protein (PP) or a plasma wheat blend (PW)1 
 Treatment2 
Component  0PP 5PP 7.5PP 10PP PW 
Ingredients   % DM 
   Dried whey   35.00 36.84 37.84 38.89 39.69 
   Whey protein concentrate 
79% CP 
 20.74 16.03 13.48 10.80 8.34 
   18/45 spray-dried fat  12.50 13.16 13.51 13.89 14.17 
   Dried whey 10.5% CP  12.27 12.40 12.48 12.55 12.26 
   7/60 spray-dried fat  11.51 12.84 13.56 14.31 14.88 
   Delactosed whey  5.00 5.26 5.41 5.56 5.67 
   Vitamin premix  1.15 1.21 1.24 1.28 1.30 
   Dicalcium phosphate  0.45 0.25 0.14 0.02 0.21 
   Lecithin mix  0.43 0.45 0.46 0.47 0.48 
   Mineral premix  0.38 0.39 0.41 0.42 0.43 
   DL-Met  0.32 0.39 0.43 0.47 0.45 
   Vitamin E premix  0.13 0.14 0.14 0.14 0.15 
   Dry Butter Flavor  0.05 0.05 0.05 0.06 0.06 
   L-Ile  0.03 0.16 0.23 0.30 0.38 
   L-Lys (HCl) 95%   0.03 0.15 0.21 0.28 0.82 
   L-Thr  0.01 0.06 0.09 0.13 0.36 
   Limestone  0.01 0.22 0.33 0.45 0.36 
   Spray dried bovine plasma3  - 5.26 8.11 11.11 7.02 
   Modified wheat protein, 78% 
CP 
 - - - - 6.38 
Nutrient and energy       
   CP,%  26.00 26.00 26.00 26.00 26.00 
   Crude fat (ether extract) %  16.00 16.00 16.00 16.00 16.00 
   Crude fiber, %  - 0.02 0.02 0.03 0.09 
   Gross energy, kcal/kg  4863.00 4846.72 4838.58 4830.44 4815.32 
   Lactose %  47.24 46.82 46.62 46.41 46.03 
   Ca, %  1.15 1.15 1.15 1.15 1.15 
   P, %  0.71 0.71 0.71 0.71 0.71 
   Vitamin A kIU/kg  69.86 69.81 69.78 69.75 69.73 
   Vitamin D3 kIU/kg  24.35 24.35 24.35 24.35 24.35 
   Vitamin E IU/kg  330.40 330.40 330.40 330.40 330.40 
   Lys, %  2.49 2.49 2.49 2.49 2.49 
   Met, %  0.83 0.83 0.83 0.83 0.83 
   Ile, %  1.60 1.60 1.60 1.60 1.60 
   Thr, %  1.75 1.75 1.75 1.75 1.75 
   Ala, %  1.32 1.30 1.30 1.29 1.15 
   Arg, %  0.68 0.81 0.87 0.93 0.87 
   Asp, %  2.72 2.68 2.66 2.64 2.30 
   Cys, %  0.76 0.75 0.74 0.74 0.67 
   Glu, %  4.52 4.38 4.31 4.24 5.07 
   Gly, %  0.48 0.56 0.60 0.64 0.64 





Table 1. (cont) Ingredient and formulated chemical composition of milk replacers containing various 
levels of plasma protein (PP) or a plasma wheat blend (PW) 
   Leu, %  2.65 2.60 2.58 2.55 2.39 
   Phe, %  0.82 0.91 0.96 1.01 1.01 
   Pro, %  1.70 1.64 1.61 1.59 1.86 
   Ser, %  1.37 1.38 1.38 1.39 1.35 
   Trp, %  0.42 0.43 0.43 0.43 0.40 
   Tyr, %  0.73 0.79 0.82 0.84 0.80 
   Val, %  1.48 1.50 1.51 1.52 1.39 
1Diets formulated utilizing Brill software 
20PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP. 





Table 2. Analyzed chemical composition (mean ± SD) of calf milk replacers containing spray dried plasma protein (SDP) or 
plasma wheat blend (PW) and starter   
  Treatment1  
Component    0PP 5PP 7.5PP 10PP PW  Starter 
  
      
Composite samples, no.  6 6 6 6 6 6 
DM,%   97.3 ± 0.2 97.5 ± 0.2 97 ± 0.4 97 ± 0.2 97.3 ± 0.3 87.1 ± 0.2 
CP, % of DM  26.3 ± 0.5 27.1 ± 0.4 27.1 ± 0.9 27.5 ± 0.6 27.1 ± 0.8 24.2 ± 1.1 
NEM, Mcal/kg  2.9 ± 0 2.9 ± 0 2.9 ± 0 2.9 ± 0 2.9 ± 0 2.0 ± 0.1 
Soluble protein, % of CP  97.7 ± 0.5 96.5 ± 0.6 94 ± 0.6 93.8 ± 1 91.2 ± 1.2 24.5 ± 3.2 
Crude fat (ether extract), % of DM  16.3 ± 0.3 16.3 ± 0.4 16.4 ± 0.2 16.4 ± 0.7 16.6 ± 0.5 4.5 ± 0.5 
Starch, % of DM  
     32.3 ± 2.8 
aNDFom, % of DM  
     13.7 ± 1 
Ash, % of DM  7.7 ± 0.3 8 ± 0.1 8.1 ± 0.2 8.2 ± 0.1 8 ± 0.2 7.1 ± 0.8 
Calcium, % of DM  1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0 1.1 ± 0 1.2 ± 0.2 
Phosphorus, % of DM  0.9 ± 0.1 0.8 ± 0 0.8 ± 0 0.8 ± 0.1 0.8 ± 0.1 0.6 ± 0 
Magnesium, % of DM  0.1 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0.2 ± 0 
Potassium, % of DM  1.6 ± 0 1.5 ± 0 1.5 ± 0 1.5 ± 0 1.5 ± 0 1.4 ± 0 
Sodium, % of DM  0.6 ± 0 0.7 ± 0 0.7 ± 0 0.8 ± 0 0.7 ± 0 0.3 ± 0 
Sulfur, % of DM  0.5 ± 0 0.5 ± 0 0.5 ± 0 0.5 ± 0 0.5 ± 0 0.3 ± 0 
Iron, mg/kg  108 ± 34.8 99.3 ± 15.6 106.5 ± 25.7 96.8 ± 20.2 109 ± 18.3 136.2 ± 26.1 
Zinc, mg/kg  97.7 ± 5.8 97.3 ± 7.7 96.8 ± 6.6 91 ± 6.5 101.3 ± 4.3 98.5 ± 13.2 
Copper, mg/kg  10 ± 2.3 11.3 ± 3.8 12.8 ± 4 13.3 ± 7.3 13 ± 6.6 16.8 ± 3.3 
Manganese, mg/kg  45.5 ± 3.7 52.8 ± 11.8 55 ± 4.9 47.2 ± 2.9 53.3 ± 2.3 77.2 ± 8.6 
Molybdenum, mg/kg   0.5 ± 0.2 0.7 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 0.4 ± 0.3 1 ± 0.1 
1 0PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 
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Table 3. Analyzed AA composition (ASF basis, mean ± SD) of calf milk replacers containing spray dried plasma protein (SDP) or plasma 
wheat blend (PW) and starter 
 Treatment1  
AA 0PP 5PP 7.5PP 10PP PW  Starter 
Composite samples, no. 6 6 6 6 6 6 
Lys 2.39 ± 0.15 2.54 ± 0.26 2.53 ± 0.23 2.47 ± 0.09 2.38 ± 0.1 1.12 ± 0.09 
Met 0.78 ± 0.23 0.77 ± 0.08 0.74 ± 0.11 0.75 ± 0.08 0.72 ± 0.06 0.29 ± 0.02 
Ile 1.6 ± 0.05 1.57 ± 0.04 1.64 ± 0.04 1.65 ± 0.06 1.65 ± 0.04 0.88 ± 0.06 
Thr 1.7 ± 0.02 1.78 ± 0.09 1.77 ± 0.04 1.8 ± 0.06 1.64 ± 0.03 0.73 ± 0.06 
His 0.53 ± 0.02 0.58 ± 0.01 0.58 ± 0.01 0.6 ± 0.01 0.55 ± 0.01 0.52 ± 0.03 
Leu 2.7 ± 0.05 2.68 ± 0.02 2.66 ± 0.06 2.64 ± 0.03 2.41 ± 0.03 1.61 ± 0.1 
Val 1.53 ± 0.03 1.59 ± 0.01 1.62 ± 0.04 1.64 ± 0.03 1.46 ± 0.04 0.98 ± 0.06 
Phe 0.94 ± 0.04 1.03 ± 0.03 1.04 ± 0.02 1.07 ± 0.02 1.05 ± 0.01 1.01 ± 0.06 
Trp 0.51 ± 0.02 0.5 ± 0.02 0.51 ± 0.02 0.51 ± 0.04 0.46 ± 0.02 0.23 ± 0.02 
Arg 0.79 ± 0.06 0.93 ± 0.01 0.9 ± 0.02 0.94 ± 0.01 0.86 ± 0.01 1.36 ± 0.09 
Cys 0.59 ± 0.01 0.65 ± 0.01 0.67 ± 0.02 0.69 ± 0.02 0.63 ± 0.01 0.34 ± 0.02 
Tyr 0.76 ± 0.01 0.84 ± 0.02 0.88 ± 0.03 0.91 ± 0.02 0.83 ± 0.02 0.65 ± 0.05 
Tau 0.14 ± 0.02 0.14 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.14 ± 0.02 0.16 ± 0.02 
Hyp 0.04 ± 0.05 0.06 ± 0.06 0.05 ± 0.06 0.03 ± 0.05 0.04 ± 0.06 0.06 ± 0.02 
Asp 2.62 ± 0.04 2.65 ± 0.02 2.68 ± 0.07 2.67 ± 0.04 2.29 ± 0.04 2.03 ± 0.16 
Ser 1.21 ± 0.03 1.28 ± 0.03 1.26 ± 0.04 1.27 ± 0.03 1.19 ± 0.03 0.84 ± 0.07 
Glu 4.16 ± 0.06 4.09 ± 0.03 4.17 ± 0.09 4.12 ± 0.05 4.85 ± 0.05 3.67 ± 0.24 
Pro 1.42 ± 0.07 1.46 ± 0.03 1.51 ± 0.04 1.51 ± 0.03 1.73 ± 0.03 1.15 ± 0.08 
Gly 0.56 ± 0.03 0.62 ± 0.01 0.62 ± 0.02 0.65 ± 0.01 0.64 ± 0.01 0.86 ± 0.06 
Ala 1.26 ± 0.02 1.27 ± 0.01 1.26 ± 0.03 1.27 ± 0.02 1.13 ± 0.02 0.97 ± 0.06 
Hyl 0.04 ± 0.01 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0 
Orn 0.03 ± 0.02 0.03 ± 0.02 0.03 ± 0.02 0.03 ± 0.02 0.03 ± 0.02 0.02 ± 0 
Lan 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.01 ± 0.01 
Total 26.3 ± 0.62 27.09 ± 0.23 27.29 ± 0.54 27.42 ± 0.32 26.71 ± 0.29 19.53 ± 1.31 
1 0PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 
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Table 4. Intakes of dairy calves fed experimental milk replacer diets containing titrated levels of plasma protein (PP) or a plasma wheat blend 
(PW)  
 Treatment1  Contrast2 (P-value)  
Variable 0PP 5PP 7.5PP 10PP PW SE 
 PW vs. 0PP Linear Quadratic Cubic  
wk 1-9 
           
Average CP consumed, kg/d 0.39 0.39 0.41 0.41 0.40 0.03 
 0.49 0.16 0.35 0.51 
Average daily ME consumed, Mcal/d 5.84 5.67 5.97 6.03 5.95 0.37  0.63 0.32 0.32 0.46 
Starter 
           
Average daily starter intake, kg/d 0.90 0.85 0.94 0.97 0.92 0.09 
 0.84 0.29 0.27 0.45 
Average daily ME consumed, Mcal/d 2.97 2.79 3.11 3.18 3.02 0.30 
 0.84 0.29 0.27 0.45 
wk6-9 
           
Average daily starter consumed, kg/d 1.56 1.49 1.64 1.65 1.61 0.43 
 0.70 0.32 0.36 0.44 
wk1-5            
Average daily starter consumed, kg/d 0.33 0.30 0.34 0.36 0.35 0.11 
 0.80 0.49 0.32 0.63 
MR 
           
Average daily DM consumed, kg/d 0.75 0.75 0.74 0.74 0.75 0.00  0.34 <.0001 0.10 0.02 
Average daily ME consumed, Mcal/d 3.23 3.23 3.21 3.21 3.24 0.01 
 0.21 <.0001 0.23 0.001 
wk 1-2 
           
 Average daily MR consumed, kg/d 0.78 0.79 0.78 0.77 0.79 0.01 
 0.35 0.16 0.02 0.89 
Days refused MR 1.26 1.10 1.02 1.34 1.08 0.57 
 0.68 1.00 0.47 0.74 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP        









Table 5.   Body weight, ADG, feed efficiencies, structural measurements of calves fed experimental milk replacers with titrated levels of plasma protein (PP) 
or plasma wheat blend (PW) 
 Treatment1 (Trt)   P- value  Contrast2 (P-value) 
Variable 0PP 5PP 7.5PP 10PP PW SE  Week Trt x time  PW vs 0PP Linear Quadratic Cubic 
wk 1-9               
Initial BW,kg 43.49 44.30 44.51 44.67 43.86 1.25  N/A N/A  0.72 0.19 0.80 0.98 
Final BW,kg 99.31 99.97 100.66 101.52 99.83 3.38  N/A N/A  0.82 0.31 0.82 0.99 
BW,kg 74.49 73.93 74.31 74.29 73.69 1.26  <0.0001 0.89  0.54 0.82 0.91 0.76 
ADG, kg/d 0.85 0.89 0.89 0.91 0.87 0.07  <0.0001 0.95  0.60 0.08 0.95 0.62 
Gain:feed, kg/kg 0.60 0.63 0.60 0.61 0.62 0.02  N/A N/A  0.35 0.86 0.15 0.19 
Gain:Lys, kg/kg 37.32 37.22 36.91 37.17 37.49 0.92  N/A N/A  0.85 0.75 0.86 0.76 
Body length (cm) 86.12 85.30 84.74 85.10 85.73 1.32  <0.0001 0.96  0.54 0.04 0.38 0.57 
ADG,cm/d 0.36 0.35 0.34 0.35 0.36 0.06  <0.0001 0.82  0.81 0.40 0.32 0.58 
Heart girth, cm 89.11 88.54 89.25 88.99 88.55 1.74  <0.0001 0.87  0.55 0.88 0.69 0.50 
ADG, cm/d 0.34 0.35 0.36 0.35 0.34 0.07  <0.0001 0.89  0.83 0.24 0.71 0.88 
Withers height, 
cm 
86.32 87.24 86.83 87.26 87.29 0.54  <0.0001 0.34  0.01 0.01 0.38 0.15 
ADG, cm/d 0.23 0.24 0.24 0.24 0.24 0.01  <0.0001 0.14  0.24 0.07 0.70 0.41 
Hip height,cm 90.35 90.61 90.43 90.75 90.74 0.63  <0.0001 0.01  0.30 0.35 0.89 0.50 
ADG cm/d 0.23 0.23 0.23 0.24 0.24 0.01  <0.0001 0.11  0.57 0.45 0.76 0.80 
Hip width, cm 25.43 25.37 25.15 25.17 25.29 0.13  <0.0001 0.79  0.27 0.02 0.90 0.32 
ADG, cm/d 0.092 0.093 0.090 0.092 0.091 0.0047  <0.0001 0.09  0.76 0.85 1.00 0.53 
               
wk 6-9               
BW ADG, kg/d 0.85 0.88 0.89 0.91 0.86 0.04  <0.0001 0.95  0.76 0.20 0.87 0.95 
Gain:feed kg/kg 0.45 0.46 0.46 0.45 0.44 0.03  N/A N/A  0.68 0.91 0.34 0.89 
Gain:Lys, kg/kg 37.49 38.66 38.70 37.90 36.89 2.65  N/A N/A  0.66 0.63 0.36 0.90 
               
wk 1-5               
BW ADG, kg/d 0.87 0.89 0.88 0.90 0.88 0.10  <0.0001 0.39  0.81 0.42 0.96 0.66 
Final BW kg 74.62 75.01 74.90 75.51 74.93 3.46  N/A N/A  0.81 0.53 0.86 0.80 
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Table 5. cont.   Body weight, ADG, feed efficiencies, structural measurements of calves fed experimental milk replacers with titrated levels of plasma protein 
(PP) or plasma wheat blend (PW) 
Gain:feed kg/kg 0.72 0.77 0.74 0.74 0.76 0.05  N/A N/A  0.20 0.56 0.18 0.33 
Gain:Lys, kg/kg 36.07 35.98 35.01 36.46 37.87 3.53  N/A N/A  0.19 0.98 0.53 0.43 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 








Table 6.  The ratio of lactulose-to-D-mannitol  for calves receiving titrated amounts of plasma protein (PP) or a plasma wheat blend (PW) in the milk replacer 
  Treatment1(Trt)   P-value  Contrast2 (P-value) 
Variable  0PP 5PP  7.5PP 10PP PW SE  Day Trt x day  PW vs 0PP Linear Quadratic Cubic 
d4 Serum lactulose: D-mannitol 7.96 7.32 7.72 7.05 9.18 1.79 
 N/A N/A  0.59 0.75 0.69 0.55 
d15 Serum lactulose: D-
mannitol 
15.42 17.55 13.87 18.15 16.81 2.08  N/A N/A  0.36 0.50 0.28 0.07 
d36 Serum lactulose: D-
mannitol 
19.40 20.07 19.64 19.80 24.71 6.03  N/A N/A  0.01 0.29 0.65 0.78 
d57 Serum lactulose: D-
mannitol 
8.40 9.55 10.33 8.60 9.58 1.18  N/A N/A  0.23 0.49 0.11 0.33 
total Serum lactulose: D-
mannitol 
12.60 13.55 12.51 13.35 15.02 1.02  <0.0001 0.76  0.16 0.48 0.98 0.79 
1 0PP=all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 




Table 7. Scouring data for calves receiving titrated amounts of plasma protein (PP) or a plasma wheat blend (PW) in the milk replacer 
 Treatment1    Contrast2 (P-value) 
Variable 0PP 5PP 7.5PP 10PP PW SE  PW vs 0PP Linear Quadratic Cubic 
d1-63            
Average fecal score 1.98 1.97 2.02 2.05 2.04 0.05  0.26 0.14 0.35 0.71 
Days scouring, d / calf 6.14 6.86 7.92 7.81 6.73 1.90  0.60 0.07 0.90 0.60 
Total days given fluids, d/ calf 6.57 8.30 8.42 9.45 8.29 1.18 
 
0.15 0.01 0.92 0.67 
Total fluids given, L/calf 14.80 17.91 18.43 21.84 18.15 2.75 
 
0.22 0.01 0.69 0.64 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 







Table 8. Logistic model for medication for any reason or for respiratory illness occurrence by comparison of experimental milk 
replacers containing titrated amounts of plasma protein (PP) or plasma wheat blend (PW) 
Variable and comparison1    Coefficient SE Odds ratio2 95% CI P-value 
Medicated (any reason)       
0PP,5PP  0.83 0.71 2.28 0.55, 9.41 0.25 
0PP,7.5PP  0.48 0.77 1.62 0.35, 7.51 0.53 
0PP,10PP  0.56 0.70 1.75 0.43, 7.02 0.43 
0PP,PW  -1.67 0.81 0.19 0.04, 0.93 0.04 
Medicated (respiratory)       
0PP, 5PP  0.06 0.77 1.07 0.23, 4.95 0.94 
0PP, 7.5PP  -0.45 0.84 0.64 0.12, 3.35 0.59 
0PP, 10PP  0.06 0.77 1.07 0.23, 4.95 0.94 
0PP, PW  -2.68 0.85 0.07 0.01, 0.38 0.002 
Severe scours3  
  
   
0PP, 5PP  -0.31 0.65 0.74 0.2, 2.66 0.64 
0PP, 7.5PP  0.52 0.68 1.68 0.43, 6.52 0.45 
0PP, 10PP  -0.31 0.65 0.74 0.2, 2.66 0.64 
0PP, PW   -0.35 0.68 0.71 0.18, 2.73 0.61 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 
2The odds ratio (OR) indicates the probability of either being medicated for any reason or for respiratory illness or for having severe scours for the first milk 
replacer (MR) diet in comparison to the second  MR diet. If the OR is >1, the first Mr diet in the comparison is more likely to be medicated than the second 
MR diet by a factor of the difference above 1. If the OR is <1, the first MR diet has a lower probability of occurrence than the second MR diet. 




Table 9. Blood metabolites (serum) of dairy calves fed experimental milk replacers containing increasing amounts of plasma protein (PP) or a 
plasma wheat blend (PW) 
 Treatment1  
 Contrast2 (P-value) 
Variable 0PP 5PP 7.5PP 10PP PW SE   PW vs 0PP Linear Quadratic Cubic 
Initial total protein, g/dL 7.46 7.50 7.13 7.61 7.22 0.24  0.12 0.97 0.13 0.01 
d 35            
Beta-hydroxybutyrate, mmol/L 0.07 0.07 0.06 0.07 0.08 0.01  0.26 0.81 0.57 0.30 
Creatinine, mg/dL 0.72 0.77 0.76 0.76 0.75 0.03  0.17 0.08 0.37 0.61 
Urea N, mg/dL 9.04 9.57 10.16 9.77 9.55 0.41  0.28 0.04 0.37 0.34 
Total protein, g/dL 5.42 5.40 5.26 5.35 5.44 0.09  0.86 0.21 0.71 0.22 
Albumin, g/dL 3.30 3.31 3.36 3.31 3.32 0.11  0.65 0.51 0.56 0.41 
Globulin, g/dL 2.11 2.03 1.89 2.03 2.11 0.08  0.97 0.17 0.20 0.16 
Albumin: Globulin 1.58 1.68 1.82 1.66 1.62 0.09  0.67 0.11 0.13 0.11 
Calcium, mg/dL 10.44 10.52 10.69 10.51 10.65 0.11  0.12 0.29 0.36 0.26 
Phosphorus, mg/dL 9.26 8.86 8.93 9.07 9.15 0.16  0.57 0.24 0.07 0.81 
Sodium, mmol/L 141.93 140.94 141.60 140.74 141.40 0.66  0.37 0.09 0.86 0.15 
Potassium, mmol/L 4.75 4.72 4.76 4.78 4.79 0.08  0.70 0.74 0.55 0.78 
Sodium: Potassium 30.03 29.95 29.69 29.50 29.63 0.49  0.50 0.33 0.73 0.89 
Chloride, mmol/L 101.24 100.54 100.94 100.24 100.63 0.73  0.27 0.11 0.97 0.26 
Glucose, mg/dL 124.3 138.6 134.7 133.4 134.5 5.9 
 
0.09 0.11 0.08 0.67 
Alkaline phosphatase, U/L 335.45 370.25 360.42 320.70 318.68 74.17  0.98 0.92 0.09 0.74 
Aspartate aminotransferase, U/L 41.78 44.75 46.48 45.10 48.95 6.04  0.002 0.03 0.27 0.42 
Gamma-glutamyl transferase, U/L 20.56 21.80 19.94 22.95 22.36 1.69  0.33 0.32 0.67 0.27 
Total bilirubin, mg/dL 0.16 0.18 0.18 0.16 0.18 0.01  0.30 0.92 0.09 0.98 
Creatine phosphokinase, U/L 154.35 160.50 207.21 177.90 99.06 50.85  0.25 0.23 0.78 0.51 
Total cholesterol, mg/dL 73.43 88.08 86.29 88.63 83.34 10.54  0.05 0.002 0.15 0.44 
Glutamate dehydrogenase, U/L 15.77 16.33 51.24 19.42 23.65 13.10  0.13 0.13 0.53 0.11 
Bicarbonate, mmol/L 28.84 29.07 28.46 28.87 29.03 0.70  0.75 0.80 0.98 0.33 
Magnesium, mg/dL 1.94 1.90 1.91 1.91 1.89 0.07  0.26 0.46 0.56 0.61 
Triglycerides, mg/dL 23.60 22.59 27.34 27.49 29.87 3.33  0.07 0.12 0.87 0.27 































Table 9. (cont) Blood metabolites (serum) of dairy calves fed experimental milk replacers containing increasing amounts of plasma protein 
(PP) or a plasma wheat blend (PW) 
d 56            
Beta-hydroxybutyrate, mmol/L 0.24 0.22 0.21 0.27 0.28 0.05   0.19 0.83 0.10 0.29 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 
     









Table 10. Cost analysis of dairy calves fed experimental milk replacers containing increasing amounts of  plasma protein (PP) or a plasma wheat blend (PW)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
 Treatment1   Contrast2 (P-value) 
Variable 
0PP 5PP  7.5PP 10PP PW SE   
PW vs 
0PP 
Linear Quadratic Cubic 
Average daily total cost, $/calf 2.32 2.28 2.40 2.39 2.38 0.05 
 0.22 0.04 0.30 0.14 
3Average daily feed cost, $/calf 2.20 2.22 2.30 2.33 2.22 0.08 
 0.56 0.002 0.39 0.47 
Average daily medical cost, $/calf 0.12 0.06 0.07 0.06 0.15 0.07 
 0.33 0.07 0.46 0.70 
Average cost/ kg of gain, $/kg 3.01 3.22 3.00 3.05 3.26 0.20   0.17 0.97 0.39 0.34 
10PP= all milk control, 5PP= 5% PP; 7.5PP= 7.5%PP; 10PP= 10%PP 
2Contrast statements: PW vs. 0PP= Plasma wheat vs. 0PP (control) Linear= linear plasma level, Quadratic= quadratic plasma level, Cubic= cubic plasma level  
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